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Abstiact

lithylalcohol (ethanol) is known to possess a pair of closely-spiced cxcited torsional
substates (gauche4-, gauche-) at ancenergy of approximately 5’/ K above the ground (frans)
torsional substate. We report an extended analysis of some ganche- - ganched Q branch
(A) =-0) transitions with a three-substate fixed frame axis method (FFAM) Hamiltonian.,
Our approach accounts for complex trans-ganche interactions for the firsttime. Inaddition,
we are able to obtain intensities for perturbed totational transitions, and to determine the.
trans 1o gauche+ separation to be 11 85399. | M1z A complete ground state rotational-
torsional partition function accounting, for the previously neglected gauche substates is
presented. Based on our analysis, a total 01’14 U- lines obtained towards Orion-KI, can
now be assigned to gauche substates of cthanol. Analysis of these lines yields a rotational
temperaturc of 223 K and atotal (trans + gauche) column density of 2.8x 10°cm™. The
column density is in reasonable agreement witi1 the recent value of: 1x 10" em? for
trans- cthanol by Ohishict a. although there is sonmie disparity i the rotational temperatures.

Fight additional 11-lines in the literature arc assigned to transitions of’ ganche-cthanol.

Subject Headings: ISM: molecules - line: identification - molecular data - molecular

processes - radio lines: ISM



1. Introduction

Iithyl acohol (cthanol) has been obscrved in several warm dense interstellar clouds.
Itwas initially detected in Sgr B2 by Zuckerman etin, (1975) andlaterdetected in. W51IM
by Millar etal. (1988) with a large fractional abundance of 10", 1 ihanolhas also been
reported towards Orion-K1, by Turner (1989,1 99 1) and (tentatively) by Ziurys &
McGonagle (1 1991). The mostrecent detection towards Orion-K1., and the most
convincing, has been made by Ohishictal. (1995). These authors detected four lines of
cthanol and obtained a column density 01+ 1x 1 0™ cm™ and a rotational temperature of =
70 K. Also quite recently, alarge number of submillimeter transitions have been detected
in the Hot Core G34.3 -i 0.15, anci a rotational temperature of 125 Kand a column density
of 2.() 1015 em 2 derived (Millar, Macdonald. & Habing 1995). "T'herecent observations
suggest that ethanol is primarily localized inhot cor e reg ions with gas densities of 100108
em-d and temperatures near or inexcess of 1 00 k. Al though several mechanisims for
forming cthanol in the gas phase have been proposed (Millar etal. | 988), its large
abundance in hot cores suggest s a major role for d ust chemistry (Charnl ey etal. 1995). In
these sources, it is probable that ethanol or a suitable precursor isformed onthe silFfWC.s of
dust particles during a previous colder cra. Once star formation beg ins, the regions warm,
cvaporating the ethanol or precursor (Casel 11, Hasag awa, &Herbst1 993).

The rotational spectram of ethanol is complicated and often perturbed by internal
rotation (torsional) motions, especially by the motion 01 the hydroxyl(O1'1) proton which
lcads to 1 @11, and ganche substates. In - the ground vibrational state, the frans substate is the
lowestinencrgy; rotational transitions in this substate are the ones previously observed in
the interstellar medinm. The rotational spectrum ol ethanolhasbeenthe subject of  realy
previous laboratory investigations; summaries are given in Pearson etal. (1 1995, 1996). In
our first paper onthe ground vibrational state spectruim of ethanol (Pearson etal. 1995), we

measured and anal yzed alarge number of millimeter- wave and submillimeter-wave




rotational transitions in the frans substate, while in our sccond paper (Pearson et al. 1996)

we measured and analyzed a large number of transitions in the two closcely-spaced gauche
states (gauche and gauche-), which lic only 57 K above the frans substate and are casily
excited in warm interstellar regions, although no identifications of interstellar gauche-
cthanol have been previously reported, to the best of our knowledge. The rotational
transitions in the gauche substates consist of transitions within cach substate and transitions
which cross {from onc substate to the other.

Previous laboratory investigations of rotational transitions in the ground vibrational
state of cthanol have treated the frans and two ganche substates as non-interacting, but
such analyscs arc only successful for a limited range of the quantum numbers J and K|
(Pearson ct al. 1995, 19906) duc to strong, trans-gauche interactions outside this range. In
this paper, we report the first combined frans- and gauche- ethanol ground state analysis,
the precise trans to gauche encrgy difference. ind laboratory spectra of four often
perturbed c-type (AKy= o 1, AKe=0) gauche- 1o gauche4 Q branches (Al= 0) and their
perturbation allowed x-type (AK,= 0, AK = 0) counterparts.

Our previous analysis of gauche-cthanol and our current combined trans-ganuche
analysis have enabled us to assign and analyze 14 U-lines i the 97.5 - 98.0 GHz region as
belonging to three different Q branches between the gauchie torsional substates of cthanol.
The U-lines were observed in Orion-K1. and reported by Ohishi et al. (1988) as part of a
scarch for the PS radical. These transitions have line widths on the order of 3 ki s-1,
which is consistent with the quiescent portions of the source - the Hot Core and the
Compact Ridge, the latter known for its oxygen-rich organic molecules (Blake et al. 1987).
Ohishi et al. (1988) speculated that the U-Tines were high-lying but ruled out methanol and
its 13C isotopomer as the carriers. Although the majority of the U-lines can be assigned
directly from the results of Pearson et al. (1990}, there are some which lie above the J and
K, limits of that analysis. These lines show significant perturbations with the trans

substate; as a result line strength and transition frequency calculations require the model of




the entire ground state presented in this paper. With intensitics gencrated by our model, we
can determine the cthanol column density and rotational temperature in Orion-K1.. We also
proposc assignments of cight other previously reported U-lines to garrche ethanol Q branch

transitions.

2. Theory

1 thanol is a prolate asymmetric top (x: ---0.92) with two largc amplitude internal
motions, the three-fold internal rotation of the protons of the methyl group, and the
asymmetric internal rotation of the hydroxylproton. "The methylinternalrotation has Cy
group symmetry, which results in A and o substates with A to A andlito 1 selection rules.
'The three-Told- symmetric (Vi) barrier for the methylinternal rotation was determined to be
1173.7 cirt(Pearson et al. 1995) and 133 o ! (Kakar & Quade 1980) in the rrans and
gauche substates of the ground vibrational state, respectively. Since these barriers are
1ather high, transitions of the ground state A and I components occur withless thant h4117
separation. The A/ split tings can often be resolved inthe frans substate, but can rarely be
resolvedin the gauche substates . in the subiitlimeter region, methyl torsional splittings
arc almostnever resolved and are effectively averaged by any incasureimer s, Any resolved
methyl torsional splittings have been averagedin this treatment of ethanol,

‘The potential for the motion of the (J] 1 proton has a globalmimimum (the frans
well) which corrc.spends to the hydroxylprotonlying inthe CCO plane. T'wo secondary
minima (the gauche wells) occur when the proton lies approximately 1 20" from the frans
minimum (Pearson et al. 1996). Fig uie 1 silo\V's the potential based on some recent work
of Su & Quade (1996). The encrgy difference between the trans and gauche minima s due
to the. departure from perfect three-fold sy Tnnetry. Fhe plane of syinctry containing the
trans minimum can be used to describe the symmetry of torsional wave functions with the

Cs symmetry group. Solution of the torsional wave cquation results inaseries of wave




functions whicharc symmetric (c) or antisyimmetric (0) about the. (*("() plane of symmetry

and can be labeled by the number of nodes. Sthiee the barrier is predominantly three-fold,
cachtorsional state is divided into three substates. Thelowestenergy wave function, ¢ 017
frans, has o nodes, IS symmetric, and pcaksinamplitude at the rans minimum. The next
two wave functions have one node and comprise asymmetric (¢ or gaiche),
antisymmetric (oj or gauche-) closely--s]xlced pair with amplitude peaks at the gauche
potential minima. Ground stale. torsional wave functions computed with the potential of Su
& Quade (1996) arc shownin 1igure 2. T'hese wave functions are sig nifcantly less
localized than those calculated from the previous potential of Kakar & Quade (1980), which
contains a slightly higher barricr.

The selection rules determined by the Cg group allow & and b-type  transitions
between substates of the same. symmeltry and c-type transitions between substates of
different symmetries. As arcsult, a-and b type transitions are formally allowed within
cach torsional substate and between trans and gauche4, while, ¢-type transitions are alowed
bet ween gauche+and gauche - and trans and gauche-.  "Thereported dipole mome.ills for
cthanolarc give.n in matrix form inTable . | nthe rrans substate, the b-component of the
dipole moment dominates, while the a-componentis quilt small. 1In the ganche torsional
substates, the a-component of the dipole is large and the b-componentsmali It should be
noted that no rrans a-type or gauche b-type transitions have been obscrvedin the. absence of
large level mixing. The linestrengths predicted from the dipole moment components
reported for these states should lend to obscrvation of transitions; however, these
transitions have not been detected in spectometer systems with high sensitivity, suggesting,
that the effective transition moments may be significantly smaller than previously reported.
Itshould @so be noted (hat the dipole components were determined using analyses which
did not include many importantinteract ions aimong, the substates of tiie ¢ round vibrational

state. Symmetry-al lowed transit ion momenits between the frans and ganche substates are




not known and are listed as “not available™ in Table 1. The frans to gauchie transition

moments arc expected to be small due tolinmited torsional overlap between these substates.
We have previously discussed a suitable 1 Tamiltonian for OH (orsional motion in

ethanol and its interaction with the overallvot ational motion (Pearson ¢t al. 19906). The

1 lamiltonian 11, derived and applied by Quade and co- workers (Quide & 1in 1963; Quade

1X6, 1967; Knopp & Quade 1968), can be divided into three terins:

H-H,.H,, -111,. )
1lere 11, s the rigid-body rotational 1 lamiltonian with centrifugal distortion, 11, is the
torsional Hamiltonian, and 1, is the torsion-rotation interaction. A varicty of steps lead
(o an cffective 1 lamiltonian which contains operators similar to those used in treating
Coriolis and }Hermi interactions between vibi ational states. This effective FHamiltonian H to
sccond order in angular momentum is given by the expression

H,: AP 4 B4 COP 4 1P+ B

bl

1,,: DCCPE 4 PPY L PP L PPy FCO (PP AP )

bu
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where the 12, are the components of angular momentum along the principal axes (i = a,b,c¢),
and the spectroscopic constants contain su perseripts © which refer to torsional substate.,
The procedure isreferred to as the fixed framework axis method (L1°AM). Inthe FI'AM
formulation, al the 11,, tcrms connect two different torsional substales, so that the
spectroscopic constants have two superscripts 6 1762, An 11, term exists for cach
substate; sctting 7“7 1o zero for one of the substates defines the axis system of the entire
molecule as the effective principal axes of that substate (frans in this case). The 11, terms
do not contain kinctic and potential energy cxpressions relating 1o torsional motion; rather
they are sSimply parameters which define 11ic energics of the gauche substates with respect
1o the rrans substate.  1n addition to expanding the 1, terms to include higher order

angular momentum terms, atl the operators off diagonal in torsional substate can be




expanded (Pearson et al. 1996) in order to [ elp account fOr the higher order effects Of the
torsion and torsion-rotation interactions which arc only approximately treated in (his
1 lamiltonian formulation.

The Cg symmetry group dictates which of the 11, terms posscss non- zero of f-
diagonal matrix clements between which sct Of substates, as discussed inour earlier work
(Pearsoncet a. 1996). f Iere we bricfly discuss the inclusion of these terms for trans-
gauche interactions.  Their effectis to produce perturbations from normal asyminetric top
cnergy level patterns, selection rales, and intensities. In additi on to posscssing a
dependence on torsional substate, the off-diagonal matrix elements also depend on the
an gular momentum quantum numbers. Since the total an gular momentum Jis a good
gquantumnumber, 77, connects Only those pairs Of rotational Ievelsin different torsional
substates with the same total angular momentumJ. ‘20 understand the. dependence of non -
zero matrix elements on the “pscudo” quantumnumbers K and K, let us [irst consider
cthanolto be a prolate symmetric top so that K is areal quantum number. In this limit,
non-zero of [~diagonal elements for the. frans-gauche interactions existfor AK, = 0,111, 42,
The true asymmetric top functions, however, contain many diffc.rent K quantum numbers
(the designated quantum numbers K and K only refer to the mostimportant prolate and
oblate basis functions) so that trans-gauche interactions can occur when K changes by any
amount. I ‘or interacti ons between the rrans and the gauched substates, K imust change by
ancvenamount (AK = O, 42 inthe oblate symmetric top limit) and for intcractions
between the rrans and gauche- substates, K, must change by an odd amount (AK_=:1in
the oblate symmetric top limit).  Unfortunately, these rules do not hold inall instances,
since the gauche substates arc often mixed ( Pearson et al. 1996). 1 despite this great
complexity, the analysis Of interactions iSaided by the general fact that the strongest
interactions between pairs of rotational levels involve the siallestchanges in K, and the.

most closely spaced energy levels computed without interactions (this s quantificd in the




next section). In particular, when two scries of energy levels, sach denoted by K and K
are plotted vs 3, it can be scen that interactions are strongest al so-called “level crossings.”
In our carlicr work on the spectra of the gauche torsional substates, we included
only interactions between those two substates. In this paper, we have utilized a ful three-
substate formulation, which is the first time to the best of our knowledge that three states
including two of the same symmetry (frans and gauche+) have been analyzed with the
FAM method.  Although our more complex analysis docs not yet allow us to analyzc a

of the measured transitions, i has facilitated a considerable extension in the Jand K, range

of our carlicr work

3. Analysis

during the course of our investigations on the millimeter-wave and submillimter-
wave speetrum of cthanol (Pearson ct al. 1995, 1996; this work), laboratory measurements
were undertaken using five different spectrometer systems. The details of these
speetrometer systems can be found clsewhere (Helminger, Messer, & e Lucia 983:
Booker, Crownover, & e Lucia 1988; King & Gordy 1953; T'ricdl et al. 1995). A
number of additional 12-26 Gllz transitions have been assigned from a survey reported by
Michiclsen-Yiffinger (1962).

Our ground vibrational state data set now contains approximately 3500 measured
(ransitions, of which approximately 1600 1ave appearcd previously in the literature
(Pcarson ct al. 1995, 996). The analyzed transitions lic between 8 and 652 Gllz and cover

J and X, range of 50 and 7, respectively. he present three-state model fits all 3500
{ransitions with a root-mecan-square deviation of 400 kHz, with the majority fitling to nca
experimental accuracy (50-100 K 17). Yespite a few remaining problems, the current
analysis has successfully fit many transitions shifted more than 1 G117z by previously
neglected frans-gauche interactions. Although our spectroscopic work is incomplete, we

are currently able to report a variety of astronomically interesting and perturbed gauche- to
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gauche4 speetral branches. These branches were partially analyzed in our previous wink,
but now we have been able to analyze these branches to a much higher J quantum number.
A complete list of spectral transitions along with a comprehensive analysis will appear later.

We have divided the newly analyzed spectral lines into two tables. Table 2 contains
gauche- - gauche4 K= (), 1 and K= 1¢Q (Al= O, AK =1 1, AK=0) branches along with
perturbation alowed *Q (Al=0, AK = O, AK = O) transitions between the same levels where
scen. ‘1'able 3 contains gauche- - gauche 1Ky 1, 2 and K= J- 1 €Q branches along with
perturbation allowed *Q transitions between the same levels where seen. Some Of the
lower 1 lines (1<30) in the tables were also anal yzed with ot previous two stale analysis
(Pcarson ct al. 19906). These (wo tables include. the quantum numbers, the measured
frequencies, the measurement uncertaintics. the observed minus calculated frequencies, the
logarithm of the 300 K intensitics in units of nm2-MHz, and the lower state energics. in
the tables, the gauche- state is denoted by t= O and the gauche- state by 1= 1. A significant
number of the.sc transitions involve. highly perturbed levels and are denotedin the note
column with a gg for a gauche4 gauche- perturbation OF tg for @ rrans gauche perturbation.
Note thatalthough the designated tg perturbations onset a high J, such interactions are
important at lower Jas well.

To provide a feel for the rrans ganciie (1) interactions involve.d in the tllrcc-slate
analysis, we have shown trans-ganuche level crossings for ganche J(0, J) and 1(1,1) levels
in Ligure 3, and trans-gauche level crossings for gauche J(1,3-1) and J(2,)- 1) levelsin
lLigurcd. The gauchelevelsin 1 dgure 3are the energy levels which arc connected by the
{ransitions in ‘vable 2 whilc the gauche levelsin 1 figure 4 are the levels connected by the
transitions listed in Table 3. The gauche levels, plotted as a function of 1 with respect to
the lowestlevel o1 the Tour depicted, are shown as the horizontal or ncarly horizontal lines.
Ganche-gauche (gg) interactions, which peak at J= 13 and J= 18 arc especially noticcable in
ligurc 4. ‘1 0illustrate possible interact ionswith wranslevels, the energics of selected trans

levels defined by K arc also shown. These energics increase more rapidly as functions of
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Jand cross the gauche levels; at the crossings interactions are noticeable evenif the K
values of the gauche and trans levels differ by wide amounts. 'T'he (+) and (-) shown after
the labeling of the frans levels refer to the symmetry of the interacting ganche substate. The
strength 01 the interaction between levels that cross in the absence Of torsion - rotational
interaction decrcases about onc order of magnitude for cach quantum of K, difference, with
the AK 4= 2 interactions being about 3 Gllz.and AK ;= 5 interactions being about 3 Mi 7.

In Tables 2 and 3, the strengths of the lines are denoted by the logarithm Of the
intensity lattemperature ‘I’, whichis given by the formula

ICTY = (87 13N ¢)v

ba PR

S e e O (3)

where Vabs XSy, Ly, 1Y T and Qy are, respectively, the transition frequency, the line
strengthincluding the. ‘g’ degeneracy factor, the transition dipole componentalong the
relevant axis, the lower and upper date cnergics, and the rotational partition function. This
unit of intensit y, based on the integral O1 11 ¢ corrected absorption cross section over the
spectral line shape, is thoroughly definedin the JPT Submillimeter, Millimeter, and
Microwave Spectral Line Catalog (Poynter & Pickett 1985; Pickett et al. 1996; available
online at ht tp://spec.jpl. nasa .gov) The intensities in Tables 2 and 3 are based on the
transition momentsin ‘J able 1, with all unk nown values assumed to be zero.

In order to obtain an accurate partition function, the frans to ganched tunneling
frequency, orcnergy difference, mustbe kiiown. This parameter is determined by the
Jocation of perturbations between trans and gauche levels and by the frequencics of several
perturbation-allowed rrans (o gauche transitions.  The best value for the energy difference
between the rotationless 1rans and ganche substates is 1185399.1 (5.0) Milz, or
39.54 066 (17) cm-!. Although this number does not represent a final value since our
analysis isas yetincomplete, it is certainly sufficiently accurate to caleulate column

densitics and rotational temperatures. 1yple 4 contains Q, values for a varicty of
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temperatures, caleulated with an explicit st over all states of the ground vibrational state
(trans and gauche) up 1o J=50. An analytical approximation to the three-substate Q,,
accurate to within a few % and based on the classical (continuous) approximation, is given

by the expression
Q,. (= ‘T"*{3.27 + 3.34exp(-56.89/1) -1 3.34 exp(-61.54/1)}. 4)

Interestingly, nuclear spin plays no role hiei ¢ because there is only one hydroxyl proton, so
that Pauli 1 ixclusion Principle considerations do not pertain, as long as motions in the
1emainder of the molecule cannot actin concert with the hydroxyl proton to return the.

molecule to anindistinguishable configuration.

4. Astronomical Assignments

The U-lines from Ohishi et al. (1988) believed to be duce to ethanol are given in
Table 5. The observed U-line frequency, measured (laboratory) rest frequency, 17 4, Av,
128, lower state energy, upper state energy. and quantum assignment are also given. The
method used here for determining the total column density N, discussed by Blake et al.
(1986) and Turner (1991), contains the assumption that the emission source is optically
thin and characterized by a single excitation temperature 1o In this approximation, the

logarithm of the upper state column density N divided by the upper state degeneracy g, can

be plotted vs. the upper state energy 1 /K in the following manner:

kW N E, [log,(e)
log .. (N /g )« log.|- = log,| - e . 5
g0 (NJg) ’é)m(snzv 'S ﬁlo(()ﬂ) i ( " (5)

als rot

so that the slope (- log,,(¢)/7;,,) and interceptlog,, (N/Q,, ) contain the excitation

temperature 1 and the total column density N divided by partition function Qyy,
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respectivel y. 1 lere W isthe integrated 1 inc intensity which, with an assumed beam

cfficiency Of 100%, is estimated to be 1" A rimes the velocity linewidth Av, and the other
parameters arc the same as in equation (3).1igure 5 is the plot, known as a rotation
diagram, for the transitionsinTable 5. 'T'he clearly blended line (197597.8) has been
excluded fromthe analysis. The U97536.7 blend has been included as an intensity
weighted sum of the two transition involved.

I'rom the 12 data points (11single lines and | pair), we derive a best fitting
rotational temperature of 223 (466/- 35) K, and a column density o  2.8(+3.9/-1.7)x 1015
cm?. Both of these numbers can be coinpared with the recent values of Ohishi et al.
(1995), determined from an analysi s of foui fow-lying lines of frans -cthanol. These
authors obtained arotational excitation temperature of 70 K, which is sig nificantly lower
than ours. Using this temperature to determine the ratio of the total to frans partition
functions, we calculate that (heir column density should be multiplied by afactor Of =2 to
obtain a total column density. The resulting total column density Of 2x 1 0" cm” isin good
ag reciment with our value.  Although the rotational temperature we obtain iS not in good
ag reement with that Of Ohishi ctal. (1995), itisin better ag reement with an carlier value. Of
Turner (1991) who, if a-type transitions are neglected, determined a rotational temperature
ol 216 K for trans-cthamol.

It isinteresting to speculate onwhether the 11-lines assigned here belong to the 110[
Core or to the Compact Ridge. The latter source isknown for oxygen-containing Organic
molccules, although many molecules in this source have lower rotational tcmperatures than
we determinie for gauch e-cthanol. It seems clear that the lines seen by Ohishi etal. (1995)
do stem from the Compact Ridge. Assuming ethanol to lie in cither the ot Core or the
Compact Ridge, its fractional abundance withrespectto 11> canbe estimated to be

10% | a number cquivalent to that determined for other sources.
Table 6 contains @ sccond list of Uk lines reported by 1 .ovas (1991) which may be

attributable to the gauche cthanol Q branch transitions pre sented in this paper. In addition



to the U-lines and relevant laboratory cthanol frequencics, Table 6 includes

assignments, astronomical sources, 1/l 4 and the original references for the U- ines.

5 Summary

This is the third paper in a series on the laboratory millimeter-wave and
submillimeter-wave spectrum of cthanol. In this paper, we introduce or the first ime an
analysis in which interactions among the three torsional substates of the ground vibrational
state arc considered. Without a consideration of these interactions, previous separate
analyses of the lowest frans substate (Pearson ct al. 1995) and the excited ganche substates
(Pearson ct al. 1996) arc limited to a restricted range of angular momentum quantum
numbers. Although our three-substate analysis is currently capable of {if ing 3500
ransitions to a -oot-mean-squarc deviation »f 400 kllz, we anticipate that future
improvements wil permit us to {it the laboratory data to ncar experimental accuracy (50-

00 k11z). At the current stage of developnent, we rave successfully analyzed four often
badly perturbed gauche- - gauche+ Q branches. In addition, we have been able to predict
line positions and calculate intensitics for a large number of other Herturbed transitions.
Finally, the frans-gauche+ energy difference of 1185399.1(5.0) Mllz has been accurately
determined.

Tom our measurements and calculations, we have assigned 14 astronomical U-
lines in the 97.5 10 98.0 Gz region of the spectrum, scen in the direction of Orion-Kl. | (¢
transitions between the wo gauche substates of ethanol. Analysis of these ines indicates a
high rotational temperature (223 K) and a large ethanol column density (2.8 x 0"cem™?)
representative of a hot core-type source, although whether the ines originate in the actual
1ot Core or the Compact Ridge has not been determined. The rotational temperature is

approximately a factor of three larger than that determined using low-lying ransitions in




trans-cthanol by Ohishi ct al. (1995) in the Compact Ridge. Perhaps one temperature does

not describe the rotational-torsional distribution of ethanol towards Orion-KI1..

Whatever its temperature, the laree abundance of ethanol cannot be accounted for
purely by gas-phase chemistry, indicating, yet again the importance of dust chemistry in the
formation of saturated interstellar organic molecules. We have also proposed assighments
for 8 additional interstellar U-lines to our recently analyzed gauche- 1o ganche Q branch
cthanol transitions. Other tentative assignments of U-lines in Sgr B2 and other sources to
gauche-cthanol based on our original work (Pearson ct al. 1996) have been communicated
to us by Millar (1996) and Ohishi (1990).

Previous determinations of interstellar column densitics Tor ethanol have, to the best
of our knowledge, ignored the ganche substates. Since these substates comprise two thirds
of the ground vibrational state energy levels. they must be considered in column density
determinations unless the excitation temperature is considerably lower than the 57 K
excitation of the gauche+ substate. Because ethanol appears to be abundant only in warmer

regions of molecular clouds, this exception is unimportant .

The portion of this work performed at the JetPropulsion 1 .aboratory, Cali fornia Institute of
‘Technology, was done under contract with the National Acronautics and Space
Administration. We would like to thank NA SA for their support of laboratory astrophysics
at the Ohio State University and the Ohio State University Supercomputer Center {or the
award of time On their Cray YMP8 computer. K. V.] ..N.Sastry thanks D cutscher
Akademischer Austrauschdienst (IDAAD) for financia support during his stay in Giessen,
Germany. The laboratory work in Giessennwas supported by the 1 ‘orschungs semeinschaft

and Yonds der Chemischen Industric.



REFERENCES

Blake, G. A., Sutton, k. C., Masson, C. R, & Phillips, ‘I'. G. 1980, AplS, 60, 357
T T 1987, Apl, 315, 621.

Booker, R. A., Crownover, 1<. 1,., & Dec lLucia, 14 C.1988,1 Mol. Sprectrosc., 128, 62.

Casclli, 1'., 1lascgaawa, 1. 1., & Herbst 101993, ApJ, 408, 548.

Charnley, S. B., Kress, M. 1i., Ticlens, A. G. G. M., & Millar, ‘1. J. 1995, ApJ, 448,
232.

Cohen, 14 A. 1995, private communication.

Iried], R. R, Birk, M., Oh, J. J, & Colcn, 1 A.1995, J. Mol. Spectrose., 170, 383

Helminger, 1'., Messcer, J. K., & Dec Lucia, . C. 1983, Appl. Phys. 1.cett., 42, 309.

Kakar, P. K., & Quade, C. R. 1980, J. Chem. Phys., 57, 40060.

King, W. C., & Gordy, W. 1953, hys. Rev., 90, 319.

Knopp, J. V., & Quade, C. R. 19068, ). Chiem. Phys., 48, 3317,

Kutner, M. 1.., Machnik, D. }., Tucker, K. D., & Dickman, R. 1..1980, Ap), 242, 541.

1.ovas, 13,1991, J. Phys. Chem. ]< cf. Data, 21, 181.

Michielsen-liffinger, J. 1962, Bull. Acad. Roy. Belg., 48,438.

Millar, *1'. 1. 1996, private communication

Millar, ‘I'. 1., Olafsson, 11., Hjalmarson, A., & Brown, P. D.1988, A& A, 205,1.5.

Millar, T'. J., Macdonald, G. 11., & labine, R. J. 1995, MNRAS, 273, 25.

Ohishi, M. 1996, private communication

Ohishi, M. ctal. 1988, AplJ, 329, 511.

Ohishi, M., Ishikawa, S, Yamamoto, S, Saito, S., & Amano, ‘I'. 1995, ApJ, 446,1.43

Pcarson, J. C., Sastry, K. V. 1.. N., Winncwisser, M., Herbst, L., & De Lucia, 14 C.
1 995, J. Phys. Chem. Ref. Data, 24,1

Pearson, J. C., Sastry, K. V.1.. N., Herbst, li., & De Lucia, . C. 1996, J. Mol.
Spectrosc., 175, 746.

Pickett, 1. h4., Poynter, R. 1., Cohen, o AL, Delitsky, M. 1., Pearson, 1. C., &



Miiller, H. S. P, 996, Submillimeter, Millimeter, and Microwave Spectral

Catalog, JPI. Publication 80-23, Rev. 4
Poynter, R. .., & Pickett, H. M. 1985, Appl. Optics, 24, 2235
Quade, C. R. 1966, J. Chem. Phys., 44, 2512.
,,,,,,,,,,,,,,, . 1967, ). Chem. °hys., 47, 1073.
Quade, C. R, & Lin, C. C. 963, J. Chem. Phys., 38, 540.

Su, e? L& Quade, C. R, 996, ). Mol. Spectrosc., 175, 390.

Takano, M., Sasada, Y., & Satoh, T. 1968, 1. Mol. Spectrose., 26, 157.

Turner, B. 1. 1989, AplS, 70, 539.
991, AplS, 76, 617.
Zuckerman, B. et al. 975, Apl, 196,1.99

Ziurys, 1. M., & McGonagle, . 1993, AplS, 89, 155.

Ane



1I1GURE CAPTIONS

Fig.1--- The potential energy for torsional motion Of the hydroxyl proton in cthanol
shown as afunction Of torsional angle measured from the rrans configuration, at which the
potential is a minimum. The two diffcrent gauche wells are equivalent and lic slightly

higher in energy than the trans well.

1g.2. -- Calculated unnormalized wave functions for the lowest-1 ying frans (top),

gauche+ (middle), and gauche- (bottom) torsional substates.

1 4g. 3--- Crossings between two sclected gauche+ and two selected gauche - rotational-
torsional levels involved in the transitions anal yzed here (J(0,1), 1(1,))) with assorted
rotationallevels of the frans substate. nergicsrelat i ve to the lowest gauche rotational-
torsional level (gauche4 ; 3(0,3)) are plotted vs. total angular momentum quantum number
J, At the crossings, perturbations which necessitate our current tbree-state analysis arc al
their maximum values. 1 ‘or a given series of rotational levelsinthe frans substate,
interact ions occur cither with the gauche 4 or gauche - levels; these possibil it ies arc

indicated by 4 and - respectively in the labelling of the frans substate series.

1ig. 4.-- Crossings bet ween two sclected gauche+ andiwo sclected gauche - rotational-
torsionallevelsinvolvedin tbe transitions anal yzed here (J(1,1-1), J(2,J - 1)) with assorted
rot a i onallevels of the frans substate. Hnergies relat i ve to tbe lowest gauche rotational-
torsionallevel of the four (gauche4 ;1(1,)-1)) are plotted vs. totalangular momentum
quantum nhumber J. At the Crossings, perturbations which necessitate our current three-

date. analysis arc at their maximum values. 1 or agiven serics Of rotational levelsinthe




frans substate, interactions recur either with the. gauche -i or gauche - levels; these

possibilities are indicated by + and - respectively in the labelling of the frans subtate series.

1 ‘ig. 5--- Rotation diagram for cthanolin Orion-K1, using the mecasured U-lines of Ohishi

ctal. (1988).
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TABLE 1

TRANSITION DI °OLE MATR

Trans Gauched Gauche-
11,=0.046 Da H,=NA 1,=0.0¢
Trans H=1.438 Da 1,=NA 1,=0.0¢
1,.=0.0¢ 1.=0.0¢ 1.=NA
H,=NA 1,=1.264 Db 1= 0.0¢
Gauchet | - NA 1,=0.104 DY | jy,=0.0¢
n.=0.0¢ 1.=0.0¢ H=1.101 Db
1,=0.0° 1,=0.0¢ I,=1.264 Db
Gauche- {,=0.0¢ 1y,=0.0¢ 1,=0.104 Db
n=NA n=1.101 Db 11,=0.0¢

NOTE.-- NA=Not availablc (probably small but fixed to zcro
in these calculations).

4 Tanako, Sasada, & Satol ( 968).
b Kakar & Quade (1980).
¢ From symmetry




TARBLL 2.

GAUCHI- - GAUCHEA €Q AND *Q BRANCHES WITH KA=0OR  AND K=

Frequency obs-calc log -2 W notes

J 'Ky Ke a"Ke"t" (MHzZ) (MHZ) (cm ]

10 11 131 10 71918.992(50) -©.420 -5.9464 40.9458

11 11 10 10 121933.986(50) -©.288 -5.4735 40.1173

20 21 21 20 72986.578(50) 2.470 -5.6872 42.0628

21 21 20 20 120900.880(50) .M.w<w -5.2632 41.2695

30 31 31 30 74519.642(50) 5.400 -5.5271 43.7376

31 31 30 30 119420.966(50) ©.289 -5.1122 42.9949

40 41 41 40 76437.327(50) . .378 -5.3712 45.9694

41 41 40 40 117579.752(50) .5.247 -5.0116 45.2899

50 51 51 50 78637.457(50) .5.334 -5.2555 48.7569

51 51 50 5 0 115494.515(50) .0.220 -4.9332 48.1501

60 61 61 60 81003.969(50) -©.287 -5.1366 52.0990

61 61 60 6 0 113325.517(50) -©.157 -4.8656 51.5703

70 71 71 700 83417.055(50) yw.mug -5.0434 55.9943
11T 70 7 0 111344.327(50) -5.104 -4.8753  55.5448

8 0 81 81 80 85765.145(50) -o.172 -4.9484 60.4413

81 81 80 8 0 110368.495(50) -o.051 -4.9570 60.0682

90 51 91 90 87959.044(50) - .053 -4.8799 65.4384

90 91 90 90 97034.628(50) -5.007 -7.0120 65.1357

91 91 90 9 0 105162.089(50) -0.172 -4.7503 65.1357
10 0 ] 1 0 89946.985(50) -o0.061 -4.8046 70.9843
10 0 1 0 0 97159.134(50) ©.052 -6.9866 70.7437
10 1 ] 1 0 96584.856(50) -©.160 -6.7729 70.9843

10 1 ] 0 0 103796.950(50) ,M.uou =4.77221  70.7437
110 1 1 0 91737.109(50) S.067 -4.7728 77.0774 gg
110 1 0 0 97363.587(50) o.170 -6.3729 76.8897 gg
111 1 1 0 96862.936(50) -0.137 -6.9448 77.0774 gg
111 i 0 0 102489.386(50) - .065 -4.6569 76.8897 gg
120 1 1 0 93477.574(50) 0.280 -4.7338 83.7165 gg
12. 0 ] 0 0 97797.282(50) 0.394 -5.9025 83.5724 gg
121 ] 1 0 97234.225(50) -0.104 -5.9832 83.7165 gy
121 1 0 0 101533.895(50) -0.028 -4.6726 83.5724 gg
130 1 1 0 90007.707(50) -1.210 -4.9107 90.9003 gg
130 ] 0 0 93279.005(50) -1.122 -5.7609 90.7912 gy
131 ] i 0 95607.001(50) 0.423 -5.1704 90.9003 gg
131 ] 0 0 98878.281(50) 0.494 -4.8277 90.7912 gg
14 0 ] 1 0 93497.421(50) -0.780 -4.7021 98.6280 gy
140 ] 0 0 95946.145(50) -0.700 -6.3420 98.5463 gy
141 ] ] 0 96534.856(50) 072 -6.1002 98.6280 gy
14 1 ] 0 0 98983.548(50) o.121 -4.6196 98.5463 g
15 0 i 1 0 94696.400(50) -o.45%6 -4.6017 106.8985
151 ] 0 0 985L85.095(50) ©.079 -4.5661 106.8379
16 0 1 1 0 95416.540(50) -2.351 -4.6003 115.7111
16 1 ] 0 0 98230.313(50) 2.035 -4.5707 115.6666
170 ] 1 0 95924.464(50) ,M.wm& -4.5638 125.0652
1701 ] 0 0 97962.858(50) o.059 -4.5456 125.0327
18 0 1 1 0 96301.823(50) o.198 -4.5669 134.9602
18 1 ] 0 0 977174.307(50) o.042 -4.5526 134.9367
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GA UCHI- - GAUCHIA €Q AND XQ BRANCIIES W]']']] KA=0 OR 1 AND K (=)

J'Kay'Ke' U 'Ky "Ke

Fregquency obs-calcloglé@m,
(MHZ.) (MHz) (cm?)
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33 0 33
33 1 33 0 33
33 1 33 1 33
33 1 33 1 33
34 1 341
341340340
34 1341 34 Q
34 134 0
35 1 35 0
351 35 0
35 1 35 135
35 135 1 35 0
36 136 1 36 O

96589 .’/ 59(50) -0.156-4.5464145.3958
97649 .502(50) 0.051 -4.5369 145.3788
96814.209(50) -0.131 -4.5532 156. 3"/15
9'/574 .042(50) 0.070 -4.5461 156.3593
96993.103(50) -0.081 -4.5422 16°/ .88°/1
97535.908(50) 0.0727 -4.5373 167/ .8784
97/139 .012(50) -0.024 -4.5526 1 “/9.9424
97525.798(50) 0.060 -4.5490 179.9362
9“/263 .587,(50) -0.048 -4.548°/ 192. 537/0
97/536 .849(50) 0.119 -4.5462 192.5326
97369 .131 (60) -0.014 -4.5624 205. 67/09
9'/562 .844(50) 0.100 -4.5606 205. 66”/8
9'/463. '/16(50) 0.023 -4.56471 *219.3439
9'/600 .390(50) 0.085 -4.5629 219.341”/
9'/549 .692(50) 0.011 -4.5813 233.5558
97645.192(50) 0.019 -4.5804 233.5542
97631 .329 (50) 0.160 -4.5878 248.3065
9"/698 .530(50) 0.056 -4.5872 248.3054
977/08 .888(50) .114 -4.60°/6 263.5958
9“/7/55 .610(50) .063 -4.60"/2 263.5950
9°/”/ 84.113(50) .133 -4.6195 2°/9 .4236
97/815.98 /(50) .051 -4.6192 2¢/9 .4231
9°/85°/.4°/ 6(50) .152 -4.65-/6 295. */898
97865.529(50) .165 -6.0814 295. /896
9“/869 .443 (50) .169 -6.08177 295. /898
97877 .456 (50) .056 -4.65-/5 295. ’/896
97998.068(50) 0.021 -4.6928 312.6923
97/940. /33 (50) .019 -5.8013 312.6943
97/989 .809(50) .198 -5.8060 312.6923
97/932 .445(50) .004 -4.6892 312.6943
98021 .302 (50) .146 -5.225%/ 330.1.364
98039.493(50) -0.031 -4.8335 330.1364
98006.956(50) -0.040 -4.8286 330.1369
98025 .13/ (50) 0.022 -5.2327"/ 330.1369
98091 .922 (50) 0.003 -4. ”/5”/0 348. 11°/0
98087/ .6°/8 (50) 0.034 -5.6215 348. 11°/0
98060.630(250) 0.055 - 5.6233 348.1181
98056.249(50) 0.168 -4. 7581 348. 1181
98163.428(250) 0.042 -4.9232 366. 6354
98163.428(250) 0.128 -4.9233 366.6353
98160.32391 50) - 0.042 - 5.1°/33 366.6354
98166.466 50) .013 -5.1 /33 366.6353
98237/ .509 50) .0°/5 -4.8366 385.6915
98235 .47/9 50) .021 -5.5059 385.6935
98236.443 50) .025 -5.5059 385.6915
98234 .400 50) -0.004 -4.8366 385.6915
98309.847 50) -0.012 -4_. /996 405. 2851
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TARBILY: 2 Continued
GAUCHI-- GA UCHI+ €Q ANI) XQ BRANCHES WITH KA=0 ORTANI) K¢=J

LYo ) ‘ o v " a 1 - .
Frequency obs -calc 1l ogla®m, notes

J'Ka'Ke 't J"Ka"Ke "t (MH2) (MHz) (cm 1)

36 1 36 1 36 0 36 0 98322.053(50) -0.028 -4. /996 405.2851
37 0 371 37 137 0 98386.495(50) -0.114 -4.8136 425.4160
37137137 o 37 o 98388.088(50) -0.105 -4.8136 425.4160
38 0 38138 138 0 98464.381(50) -0.175 -4.8429 446.0842
38 1381 38 0 38 0 98465.570(50) -0.177 -4.8429 446.0842 tg
39 0 39 1 39 139 0 98544.249(50) -0.262 -4.8920 467/.72895 tg
39 1 39 139 0 39 0 98545.375(50) -0.29"/ -4.8920 467"/.2895
40 0 40 1 40 1 40 O 98634.200(50) -0.583 -4.9859 489.0317 tg
40 140 1 40 0 _40 0O 98638.544(50) -0.750 -4.9860 489.031"/ Lg

&

Sce text: intensity at 300 K .
NOTE. -- B blend; gg gauche+ gauche- interaction; tg trans gauche
int.tract.i on. See also Figure 3.




TABLE 3.
GA UCHI- - GA UCHI+€Q AN] Y XQ BRANCHES WITHK A=10R 2 AND K¢=)-1

Frequency ohs- calc 1 (300) Ko notes
J'Ka'Ke' ' J"Kq"Ke"t" (Mt1z) (MH2) (cm 1)
2 1 11 221 o 22618.680(50) -0.318 -7/.3022 44 .65713 1
2 2 11 2 1 1 0 1«/2641 .532(150)-0.300 -5.4387 42.1717 2
31 21 3 2 0 24288.620(50) -0.301 -6.8284 46.386"/ 1
32 21 31 2 0 1771023 .183(150)-0.491 -5.2228 43.9554 2
4 1 31 42 3 0 26501 .°/80 (50) -0.2°/5 -6. /6°/7 48.6916 ]
4 2 31 4 1 3 0 168882.814 -5.0666 46.3321 P
51 41 524 0 29255.850(50) -0.187 -6.4167 51.5706 1
52 41 5 1 4 0 166235 .87/3 (50) 0.073 -4.9928 49.3005
61 51 6 2 5 0 325°/ 0.910(50) -0.136 -6.4176 55.0214 1
6 2 5H1 6 1 5 0 16310 /.033 -4.9039 52 .8589 P
7] 6 1 7 2 6 0 36566 .190 (%0) -0.082 -6.0"7/16 59.0378 1
77 61 7] 6 0 159531.132 -4.8662 5%“/.0048 P
8 1 71 8 2 7 0 41903.357(50) -0.011 -6.4575 63.5950
g 2 71 8 1 7 0 155556.341 -4.8091 61 .7354 P
91 8 1 9 2 8 0 43196.394(50) -0.085 -5.9950 68.8693
92 81 91 80 151249.647 -4.7/868 67.0470 »
10 1 91 10 2 9 0 48378.176(0) -0.090 -5.7139 “/4.5923
10 2 9 1 10 1 9 0 246°/06.7/63 -4.7587  72.934”/ P
1171101 11 2 10 O 53529.699(50) -0.008 -5.5767 80.8901
112101 111 10 0 14°2083.013 (50) 0.617 -4.7/7417 “/9.3916

12 1 ]] 112 2 11 0 5873°/.6°/8(50) 0.119 -5.4558 87.7546

12211112111 0 13°/7/49.07/6(50) 0.927 -4.8002 86.4034  dg
13 112 113 2 12 0 63952.368(50) -0.053 -5.3116 _95.1823
13212113112 0 126566.577/(50) -0.034 -5.0965 94 .2062  gg
14 113 114 2 13 0 69108.218(50) -0.090 -5.2504 103.1705
14213114113 0 1252/9.125(50) -0.044 -4.6414 102.2398 gg
15 114 115 2 14 0 </4188.188(50) -0.130 -%5.1114 111.7166
152141151 14 0 121496.294(50) 0.211 -4.7/000 110.9154

16 115 115 2 15 0 /9364 ."//3 -5.157/6 120.8184 P
16 2 15116 115 0 117710.218(50) 0.319 -4.647/1 120.1491

17 116 117 2 16 0 85439.515(50) -0.153 -5.0884 130.47/38 gg
172161171 16 0 114436.488(50) 0.327 -4.7/009 129.9256

18 117 1 18 2 17 0 80605 1222 -4.9489 140.6806 P gqg
18 2 17118 117 0 112894.167(50) 0.038 -4.896"7 140.2393

19 118 1 19 2 18 0 84983.7/89(50) -0.193 -4.9370 151.4369  gqg
19218119118 0 106931.232(50) 0.436 -4.7099 151.0869
201191 20 219 0 88039.2°/6(50) -0.294 -4.7/954 162.7410

20 2191201 19 0 105225.485(50) 0.424 -4.6364 162.4670
2112071 21 2 20 0 90354.336(50) -0.404 -4.8119 1°/4.5912

212 20 121120 0 103608.598(50) 0.358 -4.6824 1<74.3"/93
22121122 2 21 0 92156.495 (50) -0.428 -4./420 186.9862

222 21122121 0 102282.795(50) 0.317 -4.6499 286.8239

23 1221232 22 0 93568.906(50) -0.473 -4.7/615 199.9?,47

23 222123122 0 101243.633(50) 0.255 -4.6889 199.8015




TABLY 3 Continued.
GAUCHI- - GAUCHT+ €Q AND XQ BRANCHES WITH KaA=1 OR 2 AND K¢=]-1

FMrequency obs-calc 1(300)& E, . notes
J Ka'Ke't J"Ka"Ke"t" (MHZ) (MHZ) (cm 3
241 23 1 24 2 23 0 94677.029(50) -0.489 -4.7198 213.4057
24 2231 241 23 0 100452.072(50) 0.213 -4.6677 213.3128
251 241 25 2 24 0 95546.737(50) -0.525 -4.7432 227.4282
25224 1 251 24 0 99864.418(50) 0.162 -4.7032 227.3587
261 251 26 2 25 0 96230.704(50) -0.509 -4.7183 241.9915
26 2251 26 1 25 0 99440.009(50) 0.097 -4.6894 241.9398
27126 1 27 2 26 0 96770.969(50) -0.500 -4.7454 257.0949
27 226 1 27 1 26 0 99143.725(50) 0.055 -4.7237 257.0567
28 1 271 28 2 27 0 97200.941(50) -0.513 -4.7321 272.7379
28 22271 28 1 27 0 98946.268(50) 0.005 -4.7164 272.7099
291 281 29 2 28 0 97546.875(50) -0.509 -4.7622 288.9202
29 2281291 28 0 98823.696(50) 0.000 -4.7507 288.8996
3001 29 1 30 2 29 0 97828.953(50) -0.479 -4.7579 305.6412
3002 291 3031 29 0 98755.450(50) 0.026 -4.7497 305.6264
311 30 1 31 2 30 0 98060.635(100)-0.690 -4.7906 322.9007 B
31 2 30 1 31 1 30 0 98713.724(50) 0.195 -4.7853 322.8907
321 311 32 2 31 0 98274.012(50) 0.191 -4.7970 340.6980
3221 31 1 321 31 0 98614.669(50) -0.963 -6.8631 340.6866
3222 31 1 32 2 31 0 98528.611(50) 0.551 -6.8373 340.6980
3222 311 321 31 0 98869.244(50) -0.626 -4.7962 340.6866
331 321 33 2 32 0 98440.501(50) -0.156 -4.8301 359.033
33 1 321 33 1 32 0 98643.608(50) -0.556 -7.1477 359.0271
33 2 321 33 2 32 0 98624.014(50) 0.188 -7.1414 359.0339
33 2 321 331 32 0 98827.119(50) -0.214 -4.8270 359.0271
34 1 33 1 34 2 33 0 98602.599(50) -0.660 -4.8388 377.9074
34 2 33 1 34 1 33 0 98881.092(50) -0.001 -4.8358 377.9024
351 341 35 2 34 0 98713.078(50) 0.089 -4.8839 397.3186
351 34 1 35 1 34 0 98833.538(50) -0.150 -6.5377 397.3146
35 2 34 1 35 2 34 0 98810.614(50) 0.078 -6.5360 397.3186
35 2 34 1 351 34 0 98931.034(50) -0.201 -4.8817 397.3146
36 1 35 1 36 2 35 0 98800.965(50) 0.019 -4.9040 417.2683 tyg
361 351 36 1 35 0 98935.903(50) -0.224 -6.3592 417.2638 tyg
36 2 35 1 36 2 35 0 98870.588(50) 0.080 -6.3636 417.2683 tyg
36 2 351 36 1 35 0 99005.484(50) -0.206 -4.9016 417.2638 ty
371 361 37 2 36 0 99091.145(50) 0.231 -5.0904 437.7481 ty
371 361 37 1 36 0 99033.377(50) -0.319 -5.4339 437.7500 tg
37 2 36 1 37 2 36 0 99141.023(50) 0.236 -5.4337 437.7481 tg
37 2 36 1 37 1 36 0 99083.254(50) yo.wum -5.0882 437.7500 tg
381 371 38 2 370 cmuwm.uamAmov -0.168 -4.9950 458.7733 tyg
381 371 381 370 99145.500(50) o 056 -5.9168 458.7726 tg
38 2 371 38 2 37 0 99162.376(50) -0.190 -5.9164 458.7733 tyg
38 2 371 38 1 37 0 99181.326(50) 0.032 -4.9943 458.7726 tyg




TABI X 3Continued.
GAUCHI- - GAUCHE+Q ANDXQBRANCHES W]'T'} KA= 1 OR 2 ANDK¢=)- 1

Freguency  obs-calc1(300)28K, .  notes
O Ko 'Ke 't I"Kg"Ke" L (MHZ) (MHz) (cm?)

39138139238 0 9922’/ .093(50) -0.133 -4.9939 480.3330
391381391 38 0 99242.045(50) -0.093 -6.80"/6 480.3325
39 238139238 0 99252.987(50) -0.204-6.8071 480.3330
392381391 38 0 9926'/.951 (50) -0.152 -4.9934 480.3325
401391402 39 0 99328.837(50) -0."206 -5.0124 50°2.4292
40239140139 0 99359.033(50) -0.383 -5.0121 502.4289

" See text: intensity at 300 K

NOTHES.-- P predicted {requency with 300 kHz uncertainty;
B blend; gg gauched gauche- interaction; tg trans gauche
interaction. See also Migure 4.

REFERENCES.- - (1) K&Q Kakar and Quade 1980;

(2) BAC Cohen 1995.




Tr_ T TN

- e
Cron-Xo, U-LT

NES ASSIGNEDR TO

GAUCE.

IANOL

U-line Rest Treg TYy Av u’s 2 ower J'Xa'Kc't' J"Ka"Xeg"L"
(Vz) (z) (X) (xm/s) (D*) (cm7)
T27536.9 27535.808 0.08 4.3 45.60 1&7. 21 L z 10 0
U27536.9 9275346.849 0.08 4.3 50.2° 1¢92. 23 1 23 0 0
UST5£7.3 87546.875 0.06 3.0 £8.54 288. 28 . 29 2 8
Te7550.2 8754£2.682 0.05 3.2 56.48 233. 26 © L 26 C C
U27563.2 27562.844 0.05 2.6 52..78 205.6578 24 1 L 220 C
TOULSTL.T 27574.042 .09 2.0 £2.26 156.3583 2012 202 200 C
TQT587.8 97600.390 0.27 2.7 54.85 219.3417 25 1 25 2 250 0
TCTE32.2 27631.322 L0.06 2.2 52.32 2£8.3065 o277 027 L 27 c
T97650.0 ©7649.502 0.22 2.8 40.88 145.3788 50 ¢ 127 120 0
UQ7736.4 27753.610 0.05 2.3 62,17 263.5250 58 28 L 28+ 28 °0 C
TeTTTL.S CT7T7TL 307 .07 3.2 37.40 134 .9347 82 18 L . 8 0 °
Te7816.8 ©97815.287 0.05 2.7 54,21 27%8.4237 5¢ 22 1 2°¢ 22 ¢ 0
URTO33.1 B27L232.445 0.06 1.1 4£3.86 312.60°43 0 320 3 C 0
U07%63.2 27262.858 .08 1.5 36,77 125.0327 04 T " "7, 27 n

NOTES.-- bl =blend:

ex =excluded from analysis



TARBL.EG6.

ADDI TTONAT , PROPOSED ASSIGNMENT'S

J'Ka'Ke't.'J'Ka"Ke"L" Rest Freq. Tp/1"; Ref .

U-line

(MHz) )
U78640 5 0 51 5
90355 211 20 1 21
Ug97263 23 0 23123
U98230.2 16 1 16 1 1
u9914?2 27 2 26 1 24
100453 24 2 23 1 24
Ul 02490 17 1 11111
11 03796 10 1 10 1 10

(MH2z) (K)

Source

]
220 0 90354.336 0.08

1

0 98230.313 0.02
1 99143.725 0.10
123 0 300452.072 0.0%$3
011010.2489.386 0.03
010 0 103796.950 0.02

N
o O O

5 0 7863"/ 457 005 1

1

97263.540 0.011

ARG NE QR , SE N NS

Orion- KI,
Orion-Kl,
Orion- Kl
Orion- KI,
Ori on- KI,
Sgr B2

Orion- K],
Orion-KI,

REFERENCES.-- (1) T'urner 1989; (2) Kutner ¢t al. 1980




